It is generally known that sonication improves ultraviolet (UV) disinfection kinetics of municipal effl uents by breaking large suspended particles. However, the feasibility of sonication as a pretreatment technology largely depends on wastewater quality and discharge requirements. The purpose of this study was to investigate the potential benefi ts of ultrasound for improving the UV disinfectability of various effl uent types, including primary, activated sludge, and trickling fi lter effl uents. It was found that the tailing level of the dose-response curve at high UV doses (>40 mJ/cm 2 ) decreased with the increased sonication time. The reduction in the tailing level had a strong correlation with the decrease in the number concentration of large particles (>60 μm) such that 1 log reduction in the number concentration of large particles resulted in 1.4, 1.1, and 1.7 log reductions in the tailing level for primary, activated sludge, and trickling fi lter effl uents, respectively. However, the improvement in the UV disinfectability due to sonication was partly offset by the reduction in the UV transmittance of the effl uent.
Introduction
The presence of biological aggregates in wastewater effl uent is known to adversely affect the performance of ultraviolet (UV) disinfection systems (Oliver and Cosgrove 1975; Qualls et al. 1983 Qualls et al. , 1985 Parker and Darby 1995) . Bacteria embedded in the particles are protected from UV photons, and as a result, a large amount of UV energy is required to inactivate these particles (Emerick et al. 2000) . This phenomenon creates a tailing region or a plateau in the UV dose-response curve (DRC) of effl uent. Although other factors such as phenotypic resistance of the microbial subpopulation and clumping of organisms with each other could also contribute to the tailing phenomenon, earlier studies (Qualls et al. 1985; Emerick et al. 1999; Jolis et al. 1999; Jolis et al. 2001; Madge and Jensen 2006) concluded that this phenomenon is mainly caused by the large suspended particles. Emerick et al. (1999) irradiated wastewater at a high UV dose (150 mJ/ cm 2 ) after fi ltering away 10-μm and larger particles, and found that only two coliforms survived in every 100 mL sample. Jolis et al. (1999) conducted pilot-plant studies on pretreating secondary effl uent with a sand fi lter that could typically remove particles greater than 7 μm, and found that the effl uent was able to meet California's wastewater reclamation criteria of coliform counts of 2.2 CFU (colony forming units) per 100 mL (Title 22) at a UV dose of 80 mJ/cm 2 . Hence, to address the tailing effects, emphasis should be placed on reducing the concentration of large particles.
An effective method to reduce the number of UVresistant large particles is to break these particles into smaller ones using ultrasound (US). The combination of US and UV for disinfecting secondary effl uents has been reported by other researchers (Oliver and Cosgrove 1975; Blume and Neis 2004) . The effect of US on the kinetics of UV disinfection of primary effl uent has also been discussed elsewhere (Yong 2007) . However, it is expected that the improvement in UV disinfectability of effl uent brought by US pretreatment depends on the wastewater type and the discharge disinfection limit. For example, if the effl uent has a low initial CFU count and the disinfection limit is not stringent (i.e., a relatively higher CFU is allowed), the required UV dose may fall within the initial slope of the DRC (Fig. 1, case A) . In this case, although sonication would improve the UV disinfectability of wastewater, it might not be necessary since an economically acceptable UV dose could achieve the target disinfection level. On the other hand, if the upstream effl uent has a high concentration of UVresistant large particles and the discharge requirement is stringent, the disinfection limit may fall within the tailing region of the DRC (Fig. 1, case B) , and US pretreatment of effl uent could signifi cantly reduce the required UV dose for achieving the target discharge quality (D 3 < D 2 ).
In this bench-scale study, the viability of sonication as a pretreatment process for improving the UV disinfectability of various types of effl uents (i.e., primary effl uents, activated sludge effl uents, and trickling fi lter effl uents) has been investigated.
Disinfection of primary effl uents is of great practical interest since many coastal cities presently discharge sewage into the waterbody directly after primary settling. Due to the low quality of such effl uents, chlorination will lead to the formation of large amounts of harmful chlorinated byproducts. Furthermore, high concentrations of suspended particles results in a prohibitively large UV dose required for effl uent disinfection. Hence, introducing sonication as a pretreatment technology could signifi cantly improve the UV disinfectability of primary effl uents.
UV disinfection for secondary effl uent has its own challenge as well. In a study by Sakamato et al. (1998) , it was shown that the effectiveness of UV for disinfection of secondary effl uent depends on the upstream treatment process. For suspended growth processes, such as activated sludge (AS) treatment, UV disinfection is often suffi cient to achieve target limits for a discharge of 100 CFU per 100 mL. However, the discharge requirement for reuse applications in the United States may vary from 23 CFU per 100 mL in some states, to as low as 2.2 CFU per 100 mL for other states (U.S. EPA 2004). For such stringent applications, UV irradiation alone may not be able to achieve the required disinfection level due to the tailing phenomenon in the UV DRC. As a result, an upstream process such as microfi ltration is often used.
It has been reported that effl uents from fi xed fi lm biological processes, such as rotating biological contactor (RBC) and trickling fi lter (TF), are generally "harder" to disinfect compared with AS effl uents (Sakamoto et al. 1998) . At the same level of total suspended solids (TSS), the tailing level of the UV DRC for an RBC or a TF effl uent could be as much as one order of magnitude higher than that of an AS effl uent. This is likely due to the presence of a larger number of UV-resistant particles in fi xed fi lm effl uents compared with the AS effl uents. Therefore, it is expected that sonication would improve the UV disinfectability of fi xed fi lm effl uents.
Experimental

Sample
Effl uent samples were collected on the day of the experiment from local municipal wastewater treatment plants. AS effl uent samples were collected from Ashbridges Bay Wastewater Treatment Plant, located in the southeast of Toronto, Ontario; TF samples were collected from Harmony Creek Water Pollution Control Plant located in Oshawa, Ontario; and primary effl uent samples were collected from both of the above treatment plants. Table 1 provides a list of samples, sampling dates, TSS, concentration of large particles, and carbonaceous biological oxygen demand for various samples used in this study.
Sonication
The US reactor used in this study was a custom-made 20-kHz ultrasonic tubular reactor (Advanced Sonics Processing Systems, Oxford, U.S.A.). The reactor was built with a bottom mounted transducer driven by a variable power supply with a maximum input electrical power of 450 W. The reaction chamber was a 10.8-cm (diameter) by 25-cm (height) open acrylic cylinder. For each experiment, 400 mL of wastewater (4.4-cm liquid depth) was sonicated in the reactor at 400 W input electrical power with varying sonication time. The actual US energy delivered to the sample was determined using the calorimetric method (Margulis and Margulis 2003) . This method is based on measuring the rate of temperature increase during sonication. The temperature was measured in real time using three type-J thermocouples (HJMTSS-125U-12, Omega, U.S.A.) connected to a data acquisition board (USB-TC, Measurement Computing, U.S.A.). The temperature rise within the sonication period used in this study was less than 8 o C and hence it could be safely assumed that the temperature change did not affect the cavitation and particle disintegration process. At 400 W of input electrical power, the average measured power delivered to the reacting medium was 54.5 W. Therefore, the estimated US intensity in the reactor (i.e., delivered US power divided by the reactor cross-sectional area) was 0.60 W/cm 2 .
UV Transmittance and Turbidity Measurements
The UV transmittance (UVT) of samples was measured at 254 nm using a Lambda 35 UV/Vis Spectrometer (Perkin-Elmer). The spectrometer featured a double-beam all-refl ecting system, installed with an integrating sphere device (Labsphere RSA-PE-20). The turbidity meter used was a HACH Micro 100.
UV Dose-Response Curve
The ultraviolet treatment setup in this study was a collimated beam apparatus, equipped with a low pressure UV lamp (Trojan Technologies, London, Ontario). Details of this set-up are discussed elsewhere (Scott et al. 2005 ). The ultraviolet light was directed down a collimating tube and emitted on a 20-mL dish (60-mm [diameter] by 15-mm [height] ) holding the sample. The sample was constantly stirred during irradiation. Light intensity was measured using an IL-1700 radiometer (International Light, Peabody, Mass., U.S.A.). UVT and the measured UV intensity were used to estimate the irradiation time required to achieve the desired UV dose. To study the fundamental effects of US on the UV disinfection of wastewater, fecal coliform was used as the target microorganism. A DRC was constructed by exposing samples to varying irradiation times and quantifying the surviving fecal coliforms by enumerating the number of CFU using the membrane fi ltration method (APHA 1998). m-FC Agar (VWR, Mississauga, Ontario) was used as the media for culturing, and the buffer solution used for rinsing was 13.6 g/L of KH 2 PO 4 with a pH of 7.2. The culture was incubated at 37°C for 24 ± 3 hours. To avoid artefacts associated with sample storage, all sonication and UV irradiation tests were performed on the same day shortly after sample collection. This protocol allowed for only two repeats to be performed at each UV dose. The average of the measured CFU values was used to construct the UV DRCs.
Particle Size Analysis
The particle size distribution of wastewater samples was measured before and after sonication using a Multisizer 3.0 particle size analyzer (Beckman Coulter, Miami, Fla., U.S.A.). Each analysis was repeated at least twice, and the analysis time was set at 30 s for all measurements. An aperture tube of 280 μm was used in this analysis. With this aperture, the dynamic range of the particle size analyzer was from 13 to 170 μm. Multisizer 3.0 operates based on the Coulter principle, i.e., it reports the solid volume of particle. Therefore, for porous particles, such as effl uent suspended particles, this method underestimates the particle size compared with particle sizing techniques based on optical microscopy. It has been reported that the effl uent particle size as determined by microscopy (D) 
Results and Discussion
Effect of Sonication on UV Dose-Response Curve
Primary effl uent. Figure 2 shows the improvement in the UV disinfection of a primary effl uent sample at various sonication levels. The improvement is found to be twofold: 1) the tailing level of the DRC is lowered, and 2) the initial slope of the DRC is increased as sonication time is increased. Control experiments using fi ltered effl uents showed no statistically signifi cant change in the coliform concentration after sonication under the experimental conditions used in this study. Therefore, US alone did not have any signifi cant disinfection effect, and the observed improvement in the UV disinfectability of the effl uent could be only explained by the breakage of large particles.
The reduction in the UV dose that is required to achieve a target disinfection limit depends both on the effl uent quality as well as the desired discharge limit. Table  2 shows the UV dose required to achieve 10 3 and 10 4 CFU per 100 mL disinfection limits at various sonication times for the primary wastewater samples. For stringent primary effl uent discharge limits, such as the Montreal discharge guideline of 10 3 CFU per 100 mL (Gehr et al. 2003) , the required UV dose after 60 s of sonication was reduced by a factor of 2 or more (Table 2 ). For example, Fig. 2 shows that the DRCs for an unsonicated sample approached a plateau level at about 3,000 CFU per 100 mL. Therefore, it would not be feasible to achieve the target disinfection limit of 10 3 CFU per 100mL with UV irradiation alone. However, by breaking large particles through sonication, the number of UV-resistant particles, and therefore the plateau level, decreased. As shown in Table 2 , sonication for 60 s (approximately 3,200 J delivered US energy) reduced the concentration of large particles by 70 to 80%, making it possible to achieve the 
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3 CFU per 100 mL disinfection limit with a UV dose of less than 44 mJ/cm 2 . However, extending the sonication time to 200 s (or more) resulted in only a 20% reduction in the required UV dose.
For less stringent discharge requirements, such as 10 4 CFU per 100 mL, sonication may not be helpful. In fact, UV irradiation alone was able to reduce the CFU count of primary effl uent samples to 10 4 per 100 mL at doses (Table 2 ). To better illustrate this point, Fig. 3 summarizes the effect of sonication time on the UV dose required to achieve discharge limits of 10 3 and 10 4 CFU per 100 mL for the May 3 sample.
Activated sludge effl uent. The concentration of large particles in the AS samples was about an order of magnitude smaller that that of the primary effl uent samples (Table 1) . A lower number of large suspended particles means a lower number of UV-resistant coliforms. As a result, even without sonication, the DRCs for these samples showed a plateau (at around 100 CFU per 100 mL) that was more than 1 log lower than that of the primary effl uent samples. Figure 4 shows the UV DRCs of a typical AS sample at various sonication times. For both sonicated and unsonicated samples, the UV DRCs show a plateau at UV doses greater than 40 mJ/cm 2 . However, after sonication, the tailing level of the DRC was lower, and the required UV dose of the effl uent was reduced signifi cantly. Table  3 summarizes the tailing levels and the UV dose required of AS samples to meet the discharge guidelines of 100 CFU per 100 mL and 23 CFU per 100 mL as a function of sonication time. In this table, the tailing level was calculated as the average CFU per 100 mL at UV doses larger than 40 mJ/cm 2 . The synergistic effect of sonication on UV disinfection was more considerable when a stringent discharge limit had to be met. Without presonication, it was impossible to reach the reuse discharge limit of 2.2 CFU per 100 mL or even 23 CFU per 100 mL. However, after suffi cient sonication (120 s for the July 4 sample and 180 s for the April 26 sample), it was possible to achieve 23 CFU per 100 mL at a UV dose of 35 to 40 mJ/cm 2 .
Trickling fi lter effl uent. A total of four trials were conducted on different days to study the effect of sonication on the UV disinfectability of TF effl uents. For the fi rst three trials, unsettled effl uent samples were collected before the clarifi er, while for the fourth trial, Fig. 4 . UV DRCs for an AS effl uent before and after sonication at various sonication times. (Sample: July 4). the effl uent sample was collected after the clarifi er. The unsettled TF samples had fi ve to eight times more TSS than the AS samples, while the clarifi ed TF sample had about twice as much TSS compared with the AS effl uent (Table 1) . More importantly, the number concentration of large particles for TF effl uents was three to fi ve times larger than that of AS effl uents (Table 1) . Therefore, it was anticipated that the tailing level of the UV DRC for TF effl uent would be higher than that of the AS sample. Results shown in Fig. 5 confi rm this expectation. Without sonication, the UV DRC approached a plateau at about 1,000 CFU per 100 mL, which makes it impossible to achieve the discharge criteria of 100 CFU per 100 mL using UV disinfection alone. However, the tailing level of the DRC reached the above disinfection limit after 60 s or more of sonication (Table 4) .
Particle Size Distribution and UV Disinfection Performance
Effect of sonication on particle size distribution. Figure  6 illustrates changes in the particles size distribution due to sonication for an AS effl uent sample. By increasing sonication time, the number concentration of large particles was reduced while many small particles were generated. Similar results were obtained for primary effl uent and TF effl uent samples.
In this study, the percent reduction in the number of large particles, b, is defi ned as follows: (2) where N P0 and N Ps represent the total number of large particles per unit volume before and after sonication, respectively. Table 2 summarizes the extent of the reduction of the number concentration of large particles in primary effl uent samples after sonication.
It was found that reduction in the number concentration of particles larger than 60 μm was strongly related to the reduction in the tailing level of DRCs at UV doses greater than 40 mJ/cm 2 . While it has been reported that particles greater than 10 μm affect the UV disinfection kinetics (Emerick et al. 1999; Jolis et al. 1999) , the emphasis in this study was on large particles that affect the tailing level of the DRC at UV doses greater than 40mJ/cm 2 . Hence, in equation 2, large particles are defi ned as particles greater than 60 μm. This is comparable to the 50 μm threshold reported by Blume and Neis (2004) .
UV disinfection performance. Reduction in the tailing level of DRC after sonication signifi es the improvement in the UV disinfectability of the effl uent. This effect may be quantifi ed as the difference between the average log reduction in the tailing region of the UV DRC (i.e., UV dose greater than 40 mJ/cm 2 ) of the sonicated sample compared with that of unsonicated sample: (3) where Δ is the log reduction of the tailing level of the DRC, o N is the initial CFU per 100 mL prior to UV irradiation, t N is the CFU per 100 mL at the tailing region of the DRC, and subscripts "b" and "s" indicate "before" and "after" sonication, respectively.
Similarly, the log reduction in the number concentration of large particles after sonication can be quantifi ed as:
Log reduction of concentration of large particles (4) where b p N , and s p N , denote number concentration of large particles "before" and "after" sonication.
The log reduction in the tailing level of the DRC (Δ) was found to be proportional to the log reduction of the number of large particles. The plot of Δ versus the log reduction of large particles for primary, AS, and TF effl uents is given in Fig. 7 . From this fi gure:
(5) The proportionality constant, c, was found to depend on the effl uent type: 1.4, 1.1, and 1.7, for primary, AS, and TF effl uents, respectively. This means that for every 1 log reduction in the number concentration of large particles in the primary effl uent sample, the tailing level of the UV DRC may be lowered by 1.4 log, while the corresponding reduction in tailing level for AS and TF would be 1.1 log and 1.7 log, respectively. Therefore, the degree by which the tailing level of the UV DRC was affected by the reduction in the number concentration of large particles increased in the following order: AS effl uent < primary effl uent < TF effl uent.
It is expected that the US energy required for the breakage of suspended particles depends on particle characteristics and effl uent quality. Therefore, to better assess the improvement in the UV disinfectability of effl uent, reduction in the tailing level of the DRC, Δ, is plotted in terms of the US energy delivered to the sample (Fig. 8) . For the same amount of US energy, primary and TF effl uents showed a larger reduction in the tailing level of the DRC compared with the activated sludge samples. For instance, a one log reduction in the tailing level of the DRC for primary and TF samples requires 3,000 J of US energy, while for AS effl uent, this increases to nearly 6,000 J. The difference in the response of various effl uents to US may be caused by the differences in the particle concentration and the nature of suspended particles; however, further study is required to provide a better understanding of this process.
Effect of Sonication on UV Transmittance
US pretreatment of wastewater is not without adverse effect on effl uent quality. Sonication creates a large number of small suspended particles that could absorb or scatter UV light. This effect combined with the potential release of UV absorbing materials (such as proteins) could decrease the UVT of effl uent. In practice, lower UVT translates to an increase in the required number of UV lamps or lamp output, and therefore higher electrical energy is required to achieve the disinfection limit. Hence, although the disinfection kinetics of the wastewater sample improves after sonication, the benefi ts gained in terms of a reduction in the required UV dose will not be fully realized due to the reduction of UVT. Table 2 shows that the UVT of primary effl uent samples reduced by about one third after 60 s of sonication. In comparison, the drop in UVT for AS and clarifi ed TF effl uents was only 1 to 4% (Tables 3 and 4) . This was anticipated since the TSS of AS and TF effl uents was signifi cantly smaller than that of primary effl uents (Table 1) . Therefore, the increase in the number of small particles after sonication was signifi cantly less for these effl uents and caused a much smaller increase in the UVT of the samples.
Conclusion
Sonication improves UV disinfectability of municipal wastewater effl uent by breaking large coliformcontaining particles into smaller ones and hence reducing the tailing level of the UV DRC. The degree by which the tailing level was lowered due to the breakage of particles by US increased in the following order: AS effl uent < primary effl uent < TF effl uent. However, the signifi cance of the improvement brought by US largely depends on two factors: the quality of the infl uent, and the desired disinfection criteria. For effl uents with high concentrations of suspended particles, such as primary effl uents, sonication leads to a larger improvement in UV disinfectability. For AS effl uent, often UV irradiation could achieve the target disinfection level of 100 CFU per 100 mL at moderate UV dosages, but for a more stringent discharge criterion of 23 CFU per 100 mL, ultraviolet disinfection alone is often not an economically viable solution. In that case, using US in the upstream will be benefi cial.
It was found that the log reduction of the tailing level of the UV DRC was proportional to the log reduction of the number concentration of large particles (i.e., >60 μm). Therefore, to optimize the benefi ts brought by sonication in UV disinfection, focus should be placed on optimizing the particle breakage process by US.
The UVT for both primary effl uent and TF effl uent dropped signifi cantly after sonication because of the generation of small particles. The current work shows that sonication will lead to a signifi cant improvement in the kinetics of UV disinfection for different types of effl uent. Pilot studies should be conducted to better quantify the overall effect of US on the UV disinfection of effl uents.
